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IscU from Escherichia coli, the scaffold protein for iron-sulfur cluster biosynthesis and delivery, pop-
ulates a complex energy landscape. IscU exists as two slowly interconverting species: one (S) is lar-
gely structured with all four peptidyl–prolyl bonds trans; the other (D) is partly disordered but
contains an ordered domain that stabilizes two cis peptidyl–prolyl peptide bonds. At pH 8.0, the
S-state is maximally populated at 25 C, but its population decreases at higher or lower tempera-
tures or at lower pH. The D-state binds preferentially to the cysteine desulfurase (IscS), which gen-
erates and transfers sulfur to IscU cysteine residues to form persulﬁdes. The S-state is stabilized by
Fe–S cluster binding and interacts preferentially with the DnaJ-type co-chaperone (HscB), which tar-
gets the holo-IscU:HscB complex to the DnaK-type chaperone (HscA) in its ATP-bound from. HscA is
involved in delivery of Fe–S clusters to acceptor proteins by a mechanism dependent on ATP hydro-
lysis. Upon conversion of ATP to ADP, HscA binds the D-state of IscU ensuring release of the cluster
and HscB. These ﬁndings have led to a more complete model for cluster biosynthesis and delivery.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
Iron–sulfur (Fe–S) clusters are among the most ancient and
ubiquitous protein prosthetic groups. They function in electron
transport, enzymatic catalysis, chemical sensing reactions, or as
structural units [1]. Cells have evolved elaborate mechanisms for
producing iron–sulfur clusters so as to minimize exposure to their
toxic constituents, iron and sulfur ions [2,3]. The biosynthesis of
iron–sulfur clusters utilizes machinery that emerged very early
in evolution and has remained highly conserved throughout biol-
ogy. Humans and other eukaryotes utilize the ISC (iron–sulfur clus-
ter) system as the essential Fe–S cluster assembly mechanism in
mitochondria [4], and defects in this system have been linked to
a large number of human diseases [5,6]. The prokaryotic ISC sys-
tem has served as a useful model for understanding Fe–S cluster
assembly and delivery [7,8]. The best-studied iron–sulfur cluster
biosynthetic system is the ISC system of Escherichia coli (Fig. 1),which is highly homologous to the ISC system found in mamma-
lian mitochondria. The IscU protein acts as a scaffold on which
the Fe–S clusters are assembled and from which the clusters are
delivered to various apoproteins. IscS is a PLP-dependent cysteine
desulfurase that forms a heterotetrameric complex with IscU and
transfers sulfane sulfur generated from the conversion of cysteine
to alanine to the cluster ligand cysteines of IscU [9]. HscA and HscB,
the DnaK-like chaperone and the DnaJ-like co-chaperone proteins,
respectively, facilitate the Fe–S cluster delivery mechanism in an
ATP-dependent manner [10]. Much of our understanding of these
proteins has come from X-ray structures that have given a largely
static view of the processes involved. We review here our recent
studies by NMR spectroscopy and other biophysical approaches
that show the importance of dynamic processes affecting these
proteins, most notably IscU which we have found to populate
two different conformations that interconvert on a second time
scale: one conformation (S-state) is largely structured and the
other (D-state) is partially dynamically disordered [11].
IscU is a highly conserved protein (Fig. 2). Conserved features
include the cluster ligands and the site recognized by the chaper-
one (HscA). An early NMR study of Thermotoga maritime IscU sug-
gested that it has features similar to a ﬂuid molten globule and
populates more than one state [12]. A subsequent publication
revealed that T. maritime IscU exists ‘‘in a dynamic equilibrium
Fig. 1. Representation of the Escherichia coli ISC operon and the proteins it encodes [7]. IscR is the homodimeric repressor protein [43] (34.6 kDa), which represses the operon
when it contains a bound [2Fe–2S] cluster. IscS is the PLP-dependent cysteine desulfurase, which forms a homodimer (90.2 kDa) [44]. IscU is the scaffold protein for cluster
assembly and transfer (13.8 kDa). The role of the IscA protein (11.6 kDa) remains controversial, although its X-ray crystal structure has been determined [45]. HscB is the
DnaJ-type co-chaperone protein (20.1 kDa) that binds to holo-IscU and contains a J-domain with a conserved HPD amino acid motif that binds to the nucleotide-binding
domain of HscA. HscA is the DnaK-type chaperone (65.7 kDa) that is involved in ATP-hydrolysis-driven cluster transfer. Fdx is ferredoxin (12.3 kDa) which binds a [2Fe–2S]
cluster.
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molten globule state,’’ with the data ‘‘not fully consistent with a ri-
gid protein fold, a molten globule state, or a completely unstruc-
tured fold’’ [13]. Later NMR studies reported structural
heterogeneity that could be resolved by adding Zn2+ [14]. Another
study characterized IscU as a ‘complex-orphan protein’ that is
prone to unfolding if not stabilized by a co-factor or a protein part-
ner [15]. We showed that apo-IscU exists in equilibrium between a
structured (S) and disordered (D) state [11]. Our recent studies
have revealed that the D-state consists of dynamically disordered
and ordered domains, with the ordered domain stabilizing two
high-energy cis peptidyl–prolyl bonds, which are trans in the S-
state [16]. Thus, IscU can be classiﬁed as a metamorphic protein
[17], a protein that can adopt two different folds. This raises the
questions: why has IscU evolved to be metamorphic, and do the
two different conformations play physiologically important roles?
We have found that single-site substitutions of conserved residues
perturb the equilibrium between these two states, either favoring
the S- or D-state [18]. We have further found that these substitu-
tions interfere with the rate of cluster assembly or the stability
of the assembled clusters [18]. The D-state of apo-IscU is the
substrate for IscS [18]. Once the cluster is assembled, the
IscU-[2Fe–2S] complex adopts the S-state conformation [19]. The
co-chaperone (HscB), which targets IscU-[2Fe–2S] to the chaper-
one (HscA), binds preferentially to the S-state of IscU [11,20]. HscAFig. 2. Alignment of the sequences of IscU proteins frommajor representative species. No
protein to mitochondria. Black indicates identically conserved residues, blue conserve
conserved cysteine residues that ligate the Fe-S cluster, and the pink arrow points to the c
cluster in holo-IscU [19]. The IscU residues that form the HscA recognition site [37,46]and HscA(ADP) both bind preferentially the D-state, whereas
HscA(ATP) does not bind tightly to either the D- or S-state [20].
Thus, our studies show that both states of IscU are physiologically
important, and we have devised a working model for iron–sulfur
cluster assembly and delivery that incorporates these ﬁndings
(Fig. 3) [16]. We describe the evidence for features of this model
in the following sections.
2. Characterization of the two interconverting states of IscU
The initial indication for the existence of two interconverting
conformational states came from the detection of two 1H–15N
HSQC peaks from the side-chain 1He1–15Ne1 of the single Trp resi-
due (W76) of [U-15N]-IscU (Fig. 4a). When Zn2+ was added, the Trp
peak at lower frequency disappeared as did the set of largely undi-
spersed signals (Fig. 4b). The single-site variant IscU(D39A), which
is known to stabilize the cluster in holo IscU, also yielded a set of
signals (Fig. 4c) similar to those of the Zn2+ complex (Fig. 4d). Thus
we assigned the higher frequency Trp peak and the set of more dis-
persed peaks to the structured state (S) and the other set of peaks
to the disordered state (D). Evidence for the interconversion of the
two states came from the appearance of exchange peaks between
the two states in the 1H–15N Nz-exchange spectrum (Fig. 4e) [11].
Assignments of signals from the two states indicated that the larg-
est chemical shift differences [11] between the S- and D-stateste that the eukaryotic IscU proteins contain an N-terminal extension that targets the
d residues, and yellow semi-conserved residues. The orange arrows point to the
onserved histidine residue that has been shown to be the fourth ligand to a [2Fe–2S]
are indicated by the horizontal red arrow.
Fig. 3. Working model for the role of IscU conformational states in the cycle of iron–sulfur cluster assembly and transfer [16,18,20]. (1) The free scaffold protein (IscU) exists
in equilibrium between its two conformational states: a more structured state (S) with trans N13P14 and P100P101 peptide bonds and a partially disordered state (D) with
cis N13P14 and P100P101 peptide bonds. (2) The PLP-dependent cysteine desulfurase (IscS), which catalyzes the conversion of cysteine to alanine to produce sulfane
sulfur [47], preferentially binds to the D-state of IscU [18]. (3) Sulfur atoms are transferred from IscS to the cysteine side chains of IscU to form persulﬁdes [9]; iron is then
added. (4) The atoms rearrange to form a [2Fe–2S] cluster which stabilizes the S-state of IscU. (5) HscB, which preferentially binds the S-state of IscU, competes the holo-IscU
off the cysteine desulfurase to form the HscB:holo-IscU complex. (6) The HPD motif in the J-domain of the co-chaperone (HscB), represented by the round knob, targets the
HscB:holo-IscU complex to the nucleotide binding domain of HscA [38]. (7) An acceptor protein, represented by the blue trapezoid with four cysteinyl –SH groups approaches
the complex. (8) Attack of cluster iron atoms by one or two (as shown) –SH groups liberates one or two (as shown) of the IscU cluster ligands, leading to a conformational
change in HscB that activates the ATPase activity of HscA. (9) Cleavage of ATP bound to HscA to ADP leads to a conformational change [48,49] that opens up a binding site on
the ligand binding domain of HscA that binds the D-state of IscU. Conversion of IscU from the S- to the D-state by binding to HscA(ADP), releases the cluster to the acceptor
protein, and HscB. (9–1) Finally, exchange of bound ADP for ATP releases IscU, which then takes part in the next cycle.
Fig. 4. Evidence from 2D 1H–15N HSQC NMR spectra that E. coli IscU exists in
solution as two slowly interconverting conformational states and that the equilib-
rium is shifted either by zinc ion binding or by the single-site mutation D39A. (a)
Spectrum of E. coli IscU. Because IscU contains only a single Trp (W76), the presence
of two cross-peaks in the boxed spectral region indicates the existence of two
different conformations. (b) Spectrum of E. coli IscU in the presence of 3 mM ZnCl2
(red) overlaid with the spectrum of IscU (black). Zinc binding to IscU results in the
disappearance of the minor Trp side chain peak as well as the cluster of broad peaks
present in the central region of the spectrum of IscU. (c) Spectrum of E. coli
IscU(D39A) (green) overlaid with the spectrum of IscU (black). As with zinc binding,
the D39A substitution leads to the disappearance of the minor W76 side chain
signal and the cluster of broad and overlapped peaks in the central region of the
spectrum of IscU. (d) Spectrum of E. coli IscU in the presence of 3 mM ZnCl2 (red)
overlaid with the spectrum of E. coli IscU(D39A) (green). The close correspondence
between two spectra indicates that Zn-IscU and IscU(D39A) are structurally similar.
(e) Two-dimensional 1H–15N Nz-exchange spectrum of IscU. Cross-peaks assigned
to W76 (green) are connected by exchange cross-peaks (red). This result demon-
strates that these two peaks originate not from two covalently distinct protein
species but from two interchanging conformations. Figure adapted from [11].
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and the C-terminal a-helix of the S-state of apo-IscU [21], the
Zn2+ complex [14], or the [2Fe–2S] complex [19]. We found that
the D-state lacks most of the secondary structure found in the S-
state [18].
3. Structure of the S-state of IscU
We were able to determine the solution structure of the S-state
of E. coli IscU under conditions (pH 8.0, 25 C, 20 mM Tris buffer)
where the protein is 80% S and 20% D (pdb 2L4X) [21] (Fig. 5a
and b). We also determined the solution structure of IscU(D39A),
which is predominantly in the S-state, (pdb 2KQK) [21] (Fig. 5c
and d). The two structures are very similar except for the loops
containing the residues that ligate the cluster, which are less
disordered in IscU(D39A) and closer to the conﬁguration seen in
holo-IscU [19]. The fold of the S-state is similar to those of the zinc
complexes of Haemophilus inﬂuenza IscU (pdb 1R9P) [14] and Mus
musculus IscU (pdb 1WFZ) [22] and the structure of Aquifex aeolicus
[2Fe2S]-IscU(D39A) (pdb 2Z7E) [19].
4. Effects of pH and temperature on the D¢ S equilibrium
The position of the D¢ S equilibrium depends on the solution
conditions. In solutions containing 50 mM Tris–HCl (pH 8.0),
0.5 mM EDTA, 5 mM DTT, 150 mM NaCl, 10% D2O, 50 lM DSS,
and 50 lM NaN3, the highest level of the S-state, %S = ([S]/
([S] + [D]))  100, occurs at 25 C (Fig. 6a) [23]. Raising or lowering
the temperature leads to increased levels of the D-state. At 45 C,
the population of the S-state is near zero [16]. As the temperature
is raised above 45 C, the signals from the D-state diminish in
intensity, and signals from unfolded protein increase. By 70 Cthe protein is fully unfolded. These temperature-dependent con-
formational changes observed by NMR spectroscopy have been
Fig. 5. Three dimensional solution structures of the S-state of IscU and IscU(D39A)
determined by NMR spectroscopy. (a) Structure of the S-state of IscU determined in
the presence of 20% D-state. The locations of the three cysteines that ligate the
cluster are shown. (b) Family of models that represent the solution structure of IscU
in the S-state. The N terminus is disordered as are the loops containing the cysteine
cluster ligands. (c) Structure of IscU(D39A), a variant of IscU that is nearly 100% in
the S-state. (d) Family of models that represent the solution structure of
IscU(D39A). Note that the loops containing the cysteine cluster ligands are more
ordered than in wild-type IscU. Figure adapted from [21].
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ray scattering studies (J.R. Bothe and J.L. Markley, unpublished).
The position of the D¢ S equilibrium also depends on pH. The
S-state is favored at high pH, and the D-state is favored at low pH
(Fig. 6b) [23]. The plot of log([S]/[D]) as a function of pH has a slope
of about 0.5 indicating that two protons are added in going from
the S- to D-state. These results imply that two titratable residues
have higher pKa values in the D-state than in the S-state. Given
the midpoint of the pH dependence, we suspected that the imidaz-
ole side chains of the two histidine residues, H10 and H105, might
be involved. These suspicions were conﬁrmed by following the
chemical shifts of signals from these residues as a function of pH.
Signals from both H10 and H105 in the S-state showed only small
chemical shift changes between pH 7 and 9, whereas signals as-
signed to the D-state yielded pKa values of 6.9 (H10) and 6.5
(H105) [23]. These results are particularly interesting given that
H105 likely is a cluster ligand [19]. Deprotonation of H105 is re-
quired for iron binding, and conversion to the S-state puts the
imidazole in the deprotonated form. Conversely, protonation of
H105 in the D-state leads to release of the iron ligand. In line with
these ideas, the addition of Zn2+ converts IscU fully to the S-state
[11] as does the addition of Fe2+ [18].
5. Single-site amino acid substitutions perturb the D¢ S
equilibrium
It has been reported that substitutions corresponding to D39A
in IscU proteins from Azotobacter vinelandii [24], Aquifex aeolicus
[25], Schizosaccharomyces pombe [26], and Homo sapiens [27] stabi-lize the cluster-coordinating complex of IscU. This substitution was
used to achieve the X-ray structure of A. aeolicus [2Fe–2S]-IscU
[19]. This stabilization has been attributed to a decrease in solvent
accessibility of the cluster [28,29]. As noted above, we explain the
effect of the mutant in terms of stabilization of the S-state of the
protein which binds the cluster. We have found other substitutions
that stabilize either the S-state or the D-state (Table 1). As dis-
cussed below, these mutations provide useful ways of perturbing
the D¢ S equilibrium so that the distinct functional properties
of the two states can be evaluated.6. Evidence for difference in peptide bond isomerizations in the
S- and D-states
Given the slow interconversion rate between the S- and D-
states, which both have lifetimes on the order of one second
[11], we suspected that the two states might differ by the cis–trans
isomerization of a peptidyl–prolyl peptide bond. E. coli IscU has
prolyl residues at positions 14, 35, 100, and 101. To investigate
this, we prepared a sample of E. coli IscU labeled selectively with
[U-13C,15N]-proline. To aid in the assignment of the NMR signals,
we also incorporated [15N]-alanine. Given identities of the residues
preceding proline (N13–P14, A34–P35, and L99–P100–P101), the
labeled proline served to identify signals from P100 to P101 and
the labeled alanine in addition to the labeled proline served to
identify P35. Signals from P14 were assigned by exclusion [16].
We used two strategies to determine the conﬁgurations of the four
peptidyl–prolyl peptide bonds in the S- and D-states: analysis of
chemical shifts and NOEs. Previous studies of peptidyl–prolyl
cis–trans isomerization have shown that prolyl residues with cis
peptide bonds typically have 13Cb signals around 25 ppm and
13Cc signals near 35 ppm, with (d13Cc  d13Cb)  10 ppm; con-
versely, prolyl residues with trans peptide bonds typically have
13Cb signals around 27 ppm and 13Cc signals near 32 ppm, with
(d13Cc  d13Cb)  5 ppm [30–34]. In the S-state, the chemical shift
difference (d13Cc  d13Cb) for all four prolyl residues was 5 ppm,
indicating that they are all trans (Fig. 7a). However, in the D-state,
this chemical shift difference was 5 ppm for P35 and P100, show-
ing that they remain trans, but 10 ppm for P14a and P14b (the
two signals assigned to P14) and P101, indicating that they have
become cis (Fig. 7b). In addition, we utilized the Promega program,
which determines the statistical probability of a cis XaaPro pep-
tide bond from the sequence of the protein, the prolyl chemical
shifts, and the backbone chemical shifts of neighboring residues
[33]. The Promega analysis conﬁrmed the assigned conﬁgurations
for the prolyl peptide bonds at normalized likelihood values of
greater than or equal to 0.99 [16]. The D-state itself exhibits local
conformational heterogeneity in that two sets of signals were ob-
served for cis P14 (P14a and P14b). The structural basis for this
peak doubling currently is under investigation.
NOEs are also diagnostic for the conﬁguration of a
peptidyl–prolyl peptide bond. In a trans peptide bond the Ha of
the preceding residue is close to the prolyl Hd2 and Hd3, whereas
in a cis peptide bond the Ha of the preceding residue is close to
the prolyl Ha. NOE studies of IscU also conﬁrmed that the
N13–P14 and P100–P101 peptide bonds are both trans in the
S-state and both cis in the D-state [16].7. Evidence for preferential protein interactions with the S- and
D-states
Given that apo-IscU exists in equilibrium between two states, S
and D, it was of interest to determine whether one of these states
interacts preferentially with the three different proteins it encoun-
ters during cluster assembly and delivery: IscS, HscB, and HscA. We
Fig. 6. Temperature- and pH-dependence of the percent structured form of E. coli IscU, %S = ([S]/([S] + [D]))  100. (a) Dependence of %S on temperature. The solution
contained 1 mM IscU in a buffer consisting of 50 mM Tris–HCl (pH 8.0), 0.5 mM EDTA, 5 mM DTT, 150 mM NaCl, 10% D2O, 50 lM DSS, and 50 lMNaN3. (b) Dependence of %S
on pH. The NMR sample contained 1 mM IscU, 0.5 mM EDTA, 5 mM DTT, 150 mM NaCl, 10% D2O, 50 lM DSS, and 50 lM NaN3. Figure adapted from [23].
Table 1
Effects of single site amino acid substitutions on the D¢ S equilibrium of IscU from
E. coli at pH 8.0 and 25 C.
Shifts equilibrium to
the S-state
Little or no effect
on DS equilibrium
Shifts equilibrium to
the D-state
References
D39A [11,18,21]
D39L [21]
D39V [21]
N90A [18,21]
S107A [18,21]
E111A [18]
D39G [21]
D112A [21]
K89A [18]
N90D [18]
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two states of IscU with the cysteine desulfurase (IscS) [18]: (i)
we measured the effect of adding a sub-stoichiometric quantity
of IscS on the S? D and D? S rates, (ii) we investigated the effect
of added IscS on deuterium exchange at protected sites in the S-
state of apo-IscU, and (iii) we determined the conformational state
of apo-IscU in the complex with IscS. We determined the S? D
and D? S rates by using two-dimensional Nz-exchange spectros-
copy to measure the intensity of the exchange cross peak as a func-
tion of the exchange mixing time [35] and found that the addition
of IscS increased the S? D rate and decreased the D? S rate for
apo-IscU [17] (Fig. 8a). We measured the exchange of protected
amide groups in IscU (both S- and D-states) by transferring 15N-la-
beled protein from H2O into D2O and following the decrease in
intensity of two-dimensional (2D) NMR 1H–15N cross peaks as a
function of time. The SOFAST NMR approach [36] enabled rapid
recording of 2D spectra immediately after the solvent transfer.
We found that the exchange rates of signals from IscU increased
in the presence of a small amount of added IscS. In addition, when
we added unlabeled E. coli IscS to [U-15N]-IscU, the 1H–15N HSQC
spectrum changed to one indicative of the disordered state [18]
(Fig. 8b). By repeating this experiment with variants with differing
stabilities of the D and S states, we found that higher concentra-
tions of IscS were required to convert apo-IscU variants favoring
the S-state than those favoring the D-state. Taken together, these
results indicate that IscS binds preferentially to the D-state of IscU.
We have shown that Zn2+ binding to IscU inhibits cluster formation
(Fig. 9a) and that variants that favor the S-state assemble clusters
more slowly than wild-type IscU [18] (Fig. 9b). By selecting the D-
state, IscS ensures that the cysteine residues of IscU are unligatedby metals and available to react with the sulfur generated by the
catalytic conversion of cysteine to alanine to form persulﬁdes.
With cluster formation, IscU converts to the S-state, which has a
lower afﬁnity for IscS and minimizes product inhibition.
Addition of the cochaperone (HscB) to IscU shifts the D¢ S
equilibrium to the S-state [11,20]. This property ensures that HscB
selectively recognizes holo-IscU, which is in the S-state, and is not
tied up binding to the D-state. The J-protein domain of HscB binds
to the ATPase domain of the chaperone protein (HscA), which is in-
volved in cluster delivery to an acceptor protein by an ATPase-
dependent process. We found that, whereas addition of HscA(ATP)
to IscU failed to perturb the D¢ S equilibrium, HscA(ADP) shifted
the equilibrium to the D-state [20] (Fig. 10). These observations
suggest that binding of the D-state requires that HscA be capable
of undergoing the conformational change induced by ATP hydroly-
sis (Fig. 10). Our experiments were carried out with IscU, rather
than holo-IscU; however, it appears clear that the binding of
HscA(ADP) to the D- rather than the S-state ensures that the clus-
ter is released irreversibly from holo-IscU. The nonapeptide of IscU
that is speciﬁc for binding to the substrate binding domain of HscA
(ELPPVKIHC) contains two of the cluster ligands (H105 and C106),
and the X-ray structure of the complex between this peptide and
the substrate binding domain showed that the cluster ligands are
not in a conﬁguration where they could bind the cluster [37].
8. Working model for iron–sulfur cluster assembly and delivery
Our model for Fe–S cluster assembly (Fig. 3) has the D-state of
IscU binding to the cysteine desulfurase (IscS) and sulfur transfer
to cysteine residues of IscS to form persulﬁdes prior to the addition
of iron [18]. Upon the addition of iron, the atoms arrange to form a
cluster which stabilizes the S-state of IscU [19]. The co-chaperone
(HscB) then competes holo-IscU off of IscS (which does not
bind the S-state of IscU strongly), and the His-Pro-Asp motif of
its J-domain, which binds to the nucleotide binding domain of
the chaperone (HscA) [38], is responsible for forming the
HscA(ATP):HscB:holo-IscU complex. Our data indicate that the
HscA(ATP) complex does not have an afﬁnity for IscU [20]. Instead,
we have speculated that the trigger that initiates ATP hydrolysis
and cluster release under physiological conditions, most likely is
the attack of one or more free sulfhydryl groups from the acceptor
proteins on the iron atoms of the cluster bound to IscU [20]. Attack
of one sulfhydryl group would displace one of the IscU ligands, and
the weakest ligand (H105) could be the ﬁrst to be displaced. H105
could serve as an acceptor for the proton released by the attacking
–SH. Protonation of H105, which favors conversion of the S- to D-
Fig. 7. Evidence from 13C chemical shifts that all four peptidyl–prolyl peptide bonds in the S-state of IscU (stabilized by forming the Zn2+ complex at 25 C) are trans, but that
two peptidyl–prolyl peptide bonds (N13P14 and P100P101) are cis in the D-state (stabilized by raising the temperature to 45 C). Shown are two-dimensional strips, taken
at the chemical shifts of the prolyl 1Ha as indicated at the top of each strip, from 3D (H)CCH-TOCSY spectra of IscU acquired at 600 MHz (1H). The NMR sample contained
1 mM [U-13C, 15N-Pro]-IscU, 50 mM Tris–HCl (pH 8.0), 5 mM DTT, 150 mM NaCl, 50 lM DSS, and 50 lM NaN3 in 10% D2O. (a) Spectrum of the S-state of IscU stabilized as the
Zn2+ complex at 25 C. (b) Spectra of the D-state of IscU acquired at 45 C. Figure from publication [16].
Fig. 8. Evidence showing that IscS binds preferentially to and stabilizes the D-state of apo-IscU. (a) Volume of the S? D (left and center for Asn26 and Glu95, respectively) or
D? S (Right for Asn26) Nz-exchange cross peak divided by the volume of the diagonal S or D peak, respectively, as a function of the mixing time in a two-dimensional NMR
Nz-exchange experiment. Blue symbols are for IscU alone; green symbols are for IscU plus 0.1 equiv. of IscS. From the initial slopes, the S? D exchange rate increased from
0.77 s1 for IscU alone to 1.1 s1 for IscU in the presence of IscS; the D? S exchange rate decreased from 2.0 s1 for IscU alone to 1.5 s1 for IscU in the presence of IscS. The
D¢ S equilibrium constant for apo-IscU from these measurements (0.24) is consistent with the relative populations of the S and D species determined from the 2D 1H–15N
HSQC peak volumes under these conditions. (b) Two-dimensional 1H–15N NMR spectrum of apo-IscU labeled uniformly with nitrogen-15 (left; red) and the spectrum of the
same sample mixed with a stoichiometric amount of unlabeled IscS (Right; blue) overlaid on the spectrum of IscU alone (right, red). Figure adapted from [18].
J.L. Markley et al. / FEBS Letters 587 (2013) 1172–1179 1177state [23], could initiate a change in the conformation of the
HscB:IscU complex that activates the ATPase through a change in
the conformation of the bound J-domain. The change in conforma-
tion of HscA attending conversion of its bound ATP to ADP, gener-
ates the site that binds the D-state of IscU. The cluster would then
be released from IscU to be bound fully by the ligands of the accep-
tor protein.
9. Outstanding questions and future prospects
Many questions remain concerning the detailed mechanism of
iron–sulfur biosynthesis and delivery to acceptor proteins.
Although the chemical exchange experiments described abovesuggest that the D¢ S interchange is ﬁrst order, recent unpub-
lished results from our laboratory suggest that the two prolyl pep-
tide bond interconversions may be sequential rather than
concerted. This issue requires further examination. Electrons must
be donated to the sulfur produced by the cysteine desulfurase in
order to reduce the sulfur to produce the persulﬁde bound to IscU.
We are currently investigating the potential role of the ferredoxin
encoded by the isc operon (Fig. 1) as the electron donor. The phys-
iological iron donor remains a mystery to be solved. Frataxin has
been suggested as the iron donor [39], but the bacterial frataxin
homologue, CyaY, has been found to inhibit cluster formation
[40], whereas in the human system frataxin is required for optimal
cluster assembly [41,42]. Although the hypothesis that cluster
Fig. 9. Time course of iron–sulfur cluster assembly as monitored by absorbance at
456 nm at room temperature in an anaerobic chamber (Coy Laboratory) ﬁlled with
90% N2 and 10% H2. The cluster assembly reaction contained 50 lM apo-IscU, 1 lM
IscS, 250 lM ferrous ammonium sulfate, 0.1 M Tris–HCl (pH 7.5), 5 mM DTT. The
reaction was initiated by adding L-cysteine to achieve a concentration of 250 lM.
(a) Cluster assembly with wild-type IscU (black). Reaction in the absence of IscS
(orange) showing that iron–sulfur cluster was not assembled in the absence of the
cysteine desulfurase. Cluster assembly in the presence 250 lM Zn(Cl)2 (scarlet)
showing that added Zn2+ inhibits cluster assembly. (b) Comparison of the time
course of cluster assembly on IscU variants. Wild-type (WT) IscU assembled
clusters more efﬁciently than the other ﬁve variants studied. The more structured
variants (E111A, S107A, and N90A) assembled clusters following an initial lag and
at a slower rate thanWT. Like WT, the less structured variants (K89A and N90D) did
not exhibit an initial lag, but they assembled clusters at rates intermediate between
WT and the more structured variants. The decay of intensity after its highest point
arises from the instability of the cluster once formed. Figure adapted from [18].
1178 J.L. Markley et al. / FEBS Letters 587 (2013) 1172–1179delivery is triggered by attack of one or more cysteine side chains
of the acceptor protein appears reasonable because it would ensure
that transfer occurs only when an acceptor protein is at hand, it re-
quires experimental veriﬁcation. We also are studying yeast and
human ISC proteins to determine whether they utilize similar
mechanisms for iron–sulfur cluster assembly and delivery. Our
preliminary investigations of the human homolog of IscU, ISCU,Fig. 10. Conformational states of IscU under conditions mimicking various steps in the ir
to K128 in the D- and S-states of IscU. In each panel the peak from the D-state is on the l
panel) equimolar [U-15N]-IscU and HscB; (third panel) equimolar [U-15N]-IscU, HscB and
HscB and HscA(T212 V) in the presence of excess ATP. (Right) To the right of each panel issuggest that it is metamorphic like the E. coli protein (Kai C. and
Markley J.L., unpublished).
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